personal communication) and will be designated as dacapo (dap). The P element insertion was found to be 27 bp upstream of the start of a dap cDNA ( Figure 1A ). The deduced amino acid sequence shared 20%-27% identity with vertebrate Kip inhibitors ( Figure 1B) . A database search also revealed a C. elegans gene with 28% amino acid identity. The few N-terminal motifs that are identical in all these Kip family members ( Figure 1B ) are required for cyclin/cdk binding in the analyzed inhibitors (Chen et al., 1995 (Chen et al., , 1996 Luo et al., 1995; Nakanishi et al., 1995) . Within the C-terminal region, DAP contains basic clusters characteristic of bipartite nuclear targeting signals that are also present in the vertebrate inhibitors.
To demonstrate that DAP protein can inhibit cyclin/ cdk complexes, we purified DAP after bacterial expression ( Figure 2A ). We also purified a mutant version lacking the first cluster of conserved amino acids ( Figure  1B , see black line). While wild-type DAP clearly inhibited histone H1 kinase activity of Drosophila cyclin E/cdk2 complexes in a dose-dependent manner, inhibition was much less efficient with mutant DAP ( Figure 2B , see panels cdk2 and cycE). Cdk1 (cdc2), cyclin A, and cyclin B complexes were inhibited by neither mutant nor wildtype DAP ( Figure 2B , see panels cdk1, cycA, and cycB).
With coimmunoprecipitation experiments, we addressed whether DAP is associated with cyclin E/cdk2 in embryos. Cdk2 and cyclin E, but not cdk1, cyclin A and cyclin B were coimmunoprecipitated with two different affinity-purified anti-DAP antibodies ( Figure 2C , lanes 1 and 2). Conversely, DAP was coimmunoprecipitated with anti-cdk2, but not with anti-cdk1 antibodies ( Figure 2C , compare lanes 4 and 6).
The results of these molecular and biochemical analyses indicate that DAP is an inhibitor of cyclin E/cdk2 complexes. The Kip family of cdk inhibitors, therefore, (A) The structure of the dap cDNA is shown schematically. The cDNA sequence (accession number U68477) was found to start 27 bp downstream of the P element insertion present in dap 1 . The open
Transient dap Expression during Exit
reading frame is represented by a black box. In addition, the binding from the Mitotic Cycle sites of the primers A, B, C, and P that were used for the character-
The expression of dap during Drosophila embryogeneization of w Ϫ chromosomes derived from dap 1 (see [C] ) are indicated.
sis was analyzed by in situ hybridization. Transcripts of (B) An alignment of the amino acid sequence derived from the dap maternal origin were observed during the early syncytial cDNA (DAP) with other members of the Kip family of cdk inhibitors. The C. elegans sequence (CE) was identified by the genome secycles ( Figure 3A ). These maternal transcripts were quencing project (accession number Z50796). In addition, the sefound to disappear rapidly during the syncytial blastoquence of human p21 Cip1 (HS CIP1, accession number U03106) and derm stage except in the pole cells at the posterior pole human p27 Kip1 (HS KIP1, accession number U10906) were included.
( Figure 3B ). Zygotic expression started during cellulari-
The alignment was achieved with the program CLUSTAL of the zation ( Figure 3C ) and persisted during gastrulation in system ( Figure 3D ). In the neuroblast lineages, dap ex-(C) PCR experiments with the primers A, B, C, and P (see [A] ) were pression appeared to start just before the terminal diviused for the characterization of dap 1 derivatives. The primer pair sion which generates the neurons that exit from the AB amplifies from genomic DNA of control flies (w) a product (lane mitotic cycle and enter terminal differentiation. In the 1) with the same size as also obtained from a fully viable derivative (lane 2) indicating that this derivative (prec) has resulted from a precise excision event. The absence of the P element from this derivative is also evidenced by the lack of a product after amplification with the BP primer combination (lane 3), while this primer combi-BP (lane 7) and the size of the product obtained with the primer nation amplifies the expected product from the original P element combination AC (lane 10) demonstrate that this almost completely insertion line dap 1 (lane 5). The size of this P element in dap 1 , howlethal derivative has resulted from an imprecise excision event. A ever, precludes a successful amplification with the AB primer combiHaeIII digest of ⌽X174 DNA is run in the marker lane (M) of the left nation (lane 4). The absence of a product after amplification from gel; the size of the fragments (kb) on the right gel is indicated by the derivative dap 4 with the primer combinations AB (lane 6) and arrowheads on the right side.
epidermis, signal intensity remained at background levels ( Figure 3E ). Just before the onset of mitosis 16, however, which is the final mitotic division for the great majority of the epidermal cells, dap transcription started and expanded rapidly throughout the epidermis anticipating the pattern of mitosis 16 ( Figures 3F and 3G ). The epidermal transcripts were found to persist for about two hours after mitosis 16. dap transcripts were also present in mesodermal cells that become postmitotic during these stages. After germband retraction, expression was largely restricted to the developing central and peripheral nervous system ( Figures 3H and 3I ). According to these results, therefore, transient up-regulation of zygotic dap expression is tightly correlated with the arrest of cell proliferation. The expression in amnioserosa, mesoderm, epidermis and in the nervous system occurs while cells exit the mitotic cycle. The distribution of DAP protein appeared similar as the transcript patterns ( Figure 3K-3O) . However, the signals obtained with our antibodies were relatively weak and suggested that the DAP protein is predominantly nuclear ( Figure 3O , inset) and apparently somewhat more stable than the transcript. Moreover, we were unable to detect DAP protein translated from the maternal mRNA during embryogenesis, perhaps for technical reasons only.
A correlation of dap up-regulation and exit from the mitotic proliferation was also evident during postembryonic development. In eye imaginal discs, for example, the approaching morphogenetic furrow, which progresses from the posterior to the anterior of the disc during larval and pupal development, is known to synchronize cells in a G1 phase (for a review, see Heberlein and Moses, 1995) . Within the morphogenetic furrow, defined cell clusters are assembled from these G1 cells at regular intervals. While the cells within these clusters progress to terminal differentiation and withdraw permanently from the mitotic cycle, surrounding noncluster cells progress from G1 through another cycle after emerging posterior to the advancing morphogenetic furrow. High levels of dap transcripts were observed in postmitotic cells of the differentiating ommatidial clusters posterior to the morphogenetic furrow ( Figure 3J , and data not shown). Interestingly, however, high levels Figure 1B) were expressed in cdk2, cyclin E, cdk1, cyclin A, or cyclin B. The specificity of the E. coli with a hexa-histidine tag at the C-terminus and purified (see immunoprecipitations was controlled by competition with the pepExperimental Procedures). The purification of wild-type (lanes 1-3) tide (peptide: ϩ) used for immunization in the case of anti-cdk2, or and mutant DAP (lanes 4-6) was analyzed by SDS-PAGE and Cooby control immunoprecipitations using preimmune sera (not shown). massie blue staining. Total bacterial extracts before (lanes 1 and 6)
The relative histone H1 kinase activites are indicated below the and after induction (lanes 2 and 5) of DAP expression, as well as panels showing the relevant regions after SDS-PAGE and analysis the purified proteins (lanes 3 and 4) were loaded on the gel. The by a PhosphoImager. position of wild-type and mutant DAP is indicated by arrowheads (C) Immunoprecipitates obtained from 6 to 8 hr embryo extracts on the left and right side, respectively.
with two different, affinity-purified rabbit anti-DAP antibodies (lanes (B) The cdk inhibitor activity of DAP towards cdk2 (cdk2), cyclin E 1 and 2), with anti-cdk2 (lanes 3 and 4) in the presence (ϩ) or absence (cycE), cdk1 (cdk1), cyclin A (cycA), and cyclin B complexes (cycB) (Ϫ) of competing peptide, anti-cdk1 (lanes 5 and 6) in the presence was assayed. Buffer (b) or purified mutant (m) or wild-type (w) DAP (ϩ) or absence (Ϫ) of competing peptide, or with an affinity-purified was added to embryo extracts. DAP protein was added to a concenrabbit antibody against an irrelevant protein (THR) used for control tration corresponding to a 1:1 (1), 10:1 (10), or a 100:1 (100) molar (lane 7) were analyzed by immunoblotting for the presence of DAP ratio of DAP to cdk2 (estimated to be 1 nM in the embryo extracts) (panel dap), cdk2 (panel cdk2), cyclin E (panel cycE), cdk1 (panel in the experiment shown in the upper panels (cdk2) and to a 100:1 cdk1), cyclin A (panel cycA), and cyclin B (panel cycB). The positions molar ratio in the experiments shown in the lower panels (cycE, of these proteins are indicated by arrowheads on the left or right cdk1, cycA, cycB). Histone H1 kinase activity of the cdk complexes side. Additional bands visible on the immunoblots represent crosswas assayed after immunoprecipitation with antibodies against reactions with immunoglobulin used for the immunoprecipitations. of dap transcripts were not apparent in the G1 cells element present in dap 1 were associated with almost complete lethality in homozygotes. A characterization anterior to the morphogenetic furrow ( Figure 3J ), suggesting that this arrest is not induced by up-regulation by PCR ( Figure 1C , and data not shown) demonstrated the presence of an intragenic deletion encompassing of dap transcripts. The dap up-regulation in the eye disc, therefore, appears to occur only in cells withdrawing sequences encoding the cyclin/cdk binding domain in the case of dap 4 . Moreover, we failed to detect zygotic permanently from the mitotic cell cycle.
expression in dap 4 /dap 4 embryos (data not shown). Therefore, we consider dap 4 to be a complete loss-ofdap Expression Is Required for the Exit from the Mitotic Cell Cycle function allele. Progression through S and M phase during the epiderTo determine whether the expression of the DAP cdk inhibitor is required to stop cell proliferation, we characmal cell proliferation in dap 4 /dap 4 embryos was monitored by BrdU pulse-labeling and anti-tubulin labeling, terized the phenotype of mutant embryos. The original P element insertion (dap 1 ) resulted in only 25% of homorespectively. The epidermal cell proliferation occurred normally up to and including mitosis 16. However, epizygous progeny reaching adulthood. These homozygous adults had no visible defects. In contrast, a number dermal cells in dap 4 /dap 4 embryos continued with BrdU incorporation after mitosis 16 ( Figure 4B ), while BrdU of w Ϫ derivatives obtained after mobilization of the P The absence of anaphase bridges during this additional division (Figures 4E and 4F) indicated that the preceding extra S phase was complete at least in some cells. At stage 14, cell density was found to be 1. embryos. In contrast, in embryos homozygous for a w Ϫ derivative that had resulted from a precise excision event, the epidermal cell proliferation was found to stop at the correct stage ( Figure 1C , and data not shown). All these results demonstrate that dap expression is required to arrest the epidermal cell proliferation at the correct developmental stage.
Premature dap Expression Results in a Precocious G1 Arrest
To determine whether dap expression is sufficient to arrest cell proliferation, we constructed lines with transgenes (UAS-dap) allowing targeted expression (Brand and Perrimon, 1993) . With the help of the prd-GAL4 line, we targeted UAS-dap expression to seven antibodies. Anti-DAP labeling indicated that the prd-GAL4 > UAS-dap expression became detectable during S phase 15 and reached levels during late S phase 15 incorporation is no longer observed in the postmitotic that were higher than those resulting from the normal epidermal cells of control embryos ( Figure 4A ). Immuendogenous dap expression ( Figure 5E , and data not nofluorescence experiments with antibodies against shown). However, despite this high ectopic DAP level cyclins A and B indicated that these cyclins, which do during late S phase 15, we observed the same BrdU not reaccumulate in wild-type epidermis after their degincorporation pattern characteristic of late replicating radation during mitosis 16, reaccumulated in dap Figure 4D ), while mitotic cells were observation suggested that completion of S phase 15 not detectable in the postmitotic epidermis of control is not affected by the ectopic DAP expression. embryos ( Figure 4C ). The great majority of epidermal Since the developmental program of cell cycle procells, therefore, fail to arrest after mitosis 16 in dap 4 / gression is more advanced dorsally compared to vendap 4 embryos. Instead, they enter immediately after mitrally, we were able to analyze the effect of ectopic DAP tosis 16 into an additional S phase followed by an addiexpression on entry into S phase 16 in the dorsal region of the same embryos that had not revealed a late S tional division. phase-15 defect in the ventral region. BrdU incorpora-DAP-positive regions, indicating that the ectopic DAP expression neither inhibits nor delays progression tion during S phase 16 was absent in the dorsal stripe of DAP-positive cells, while it was readily detected in through mitosis 15. Cell size decreases during each division of Drosophila the DAP-negative dorsal region ( Figure 5E ). In contrast to completion of S phase 15 ventrally, therefore, entry embryogenesis. The fact that mitosis 15 is not inhibited by ectopic DAP expression is also supported by cell into S phase 16 was clearly inhibited dorsally by ectopic DAP expression. BrdU labeling at later stages revealed size comparisons. At the stage shown in Figure 5F , when mitosis 15 is in progress in the ventral epidermis, it is that entry into S phase 16 was also inhibited ventrally (data not shown).
already completed in the dorsal epidermis reflecting the dorsal-ventral asynchrony of the developmental cell diConsistent with the apparently normal completion of S phase 15, we also observed a normal progression vision program. Cell size in the dorsal epidermis of prd-GAL4 > UAS-dap embryos was found to be identical in through the subsequent mitosis 15 after anti-DAP and anti-tubulin double labeling ( Figure 5F ). At the stage both DAP-negative and DAP-positive cells, and it was found to be half of the cell size observed in the ventral when progression through mitosis 15 is observed in the ventral region ( Figure 5F , see region ve), we observed region ( Figure 5F , and DNA double labeling, not shown).
In contrast to the dorsal-ventral asynchrony of cell cycle the same frequency of mitotic cells in DAP-negative and progression, we observed no dorsal-ventral asynchrony Figures 5E and 5F ).
Adaptors versus Inhibitors Basal expression of the Cip/Kip inhibitors is observed of prd-GAL4 > UAS-dap expression (
in essentially all vertebrate cells in culture. These low Our observations, therefore, indicate that completion of levels of cdk inhibitors appear to set thresholds that S phase 15 and mitosis 15 is not noticeably delayed at need to be overcome by growth stimulatory signals to a level of ectopic dap expression that is already suffiallow cell cycle progression (Coats et al., 1996) . Howcient to inhibit entry into S phase 16. ever, since some observations suggested that inhibition The precocious G1 arrest resulting from premature of kinase activity might require the binding of more than dap expression was accompanied by an apparent inone inhibitor molecule per cyclin/cdk complex (Zhang crease in cyclin E levels. Anti-cyclin E labeling was et al., 1994; , it is conceivable that stronger in the UAS-dap-expressing cells than in the the cdk inhibitors are not effective as inhibitors at low nonexpressing cells ( Figure 5H) . Moreover, the precoconcentration, but might actually work as adaptors that cious G1 arrest was accompanied by a lack of cyclin A target cyclin/cdk complexes to proteins binding to the accumulation. Just before the onset of mitosis 16, very C-terminal domain such as PCNA in the case of p21. weak anti-cyclin A labeling was observed in the G1-
The results of our in situ hybridization experiments sugarrested cells of the UAS-dap-expressing stripes, while gest that a low level of dap expression occurs also in the cells in G2 of cycle 16 in the interstripes were readily proliferating Drosophila cells, in particular in imaginal labeled ( Figure 5G ). We also did not observe mitotic disc cells (data not shown). The physiological signifispindle formation or chromosome condensation in the cance of these low levels remains to be clarified. Simi-UAS-dap-expressing cells at the stage of mitosis 16 larly, the role of the maternal dap transcripts that are (data not shown).
present during the rapid syncytial cycles at the start of dap overexpression, therefore, results in a stable G1 embryogenesis remains to be analyzed, as well as the arrest as also observed in cyclin E mutants (Knoblich role of the Kip family member p28 Kix1 during the cleavage et al., 1994). Consistent with the idea that the cell cycle cycles in Xenopus where it is present at far lower levels arrest induced by dap overexpression reflects an inhibithan cdk2 complexes (Shou and Dunphy, 1996) . Howtion of cyclin E activity, we obtained a complete rescue ever, we clearly demonstrate the importance of the upof the cell cycle arrest by simultaneous expression of regulation of dap expression that accompanies the arboth UAS-dap and UAS-cyclin E using prd-GAL4 (Fig- rest of the embryonic cell proliferation. ures 5C and 5D).
The Role of DAP in Stopping Cell Proliferation
Up-regulation at developmental stages when cells exit Discussion from the mitotic cycle is a characteristic feature of all vertebrate Kip inhibitors (Harper and Elledge, 1996 ; MatWe have identified the dap gene encoding a novel Drosuoka et al., 1995; Parker et al., 1995) . While the analysis sophila cdk inhibitor with similarity to the vertebrate Kip of knockout phenotypes in mice has failed to demoninhibitors. Transient high levels of dap expression are strate the functional significance of this up-regulation observed when cells exit from the mitotic cycle. We in the case of p21 (Deng et al., 1995) , over-proliferation demonstrate here that this expression is required to is definitely observed in p27 Ϫ/Ϫ mice, at least during arrest the cell proliferation in the embryonic epidermis postnatal development (Fero et al., 1996 ; Kiyokawa et at the correct developmental stage. al., 1996; Nakayama et al., 1996) . However, it is not yet known whether this over-proliferation is a direct consequence from missing p27 up-regulation. The up-regulaThe Kip Family of cdk Inhibitors Is Not tion of dap expression is observed in a number of differRestricted to Vertebrates ent cell types precisely during the developmental stages The identification of dap in D. melanogaster and of a when they exit from the mitotic cell cycle. Premature similar sequence in C. elegans demonstrates the exisup-regulation of dap expression is sufficient to stop cell tence of Kip-type cdk inhibitors in nonvertebrate speproliferation, and in the absence of dap expression, cells cies. As no obvious Kip homologs appear to be present fail to arrest on time and progress through a complete in yeast, this class of inhibitors might have evolved in additional division cycle, at least in the epidermis. The multicellular organisms. The similarity between DAP and duplications of bristles on notum and wing margin obthe vertebrate Kip family members is largely restricted served in rare homozygous mutant escapers reaching to a few motifs in the N-terminal cyclin/cdk binding doadulthood suggest that dap expression is also required main. Despite this limited similarity, DAP exhibits a very to stop the proliferation in other cell lineages (data not similar specificity as the vertebrate Kip inhibitors, which shown). also bind and inhibit cdk2 complexes much more effecOur biochemical analyses demonstrate that DAP tively than cdk1 (cdc2) complexes (Polyak et al., 1994;  binds and inhibits cyclin E/cdk2 complexes, but not Toyoshima and Hunter, 1994; . Vertecdk1 complexes. Our analysis of the phenotypic consebrate Kip inhibitors act also on complexes containing quences of genetic alterations of dap and CycE function cdk4 or cdk6 and D-type cyclins (Polyak et al., 1994;  strongly support the idea that DAP also functions in Toyoshima and Hunter, 1994; . A vivo as a cyclin E/cdk2 inhibitor (although alternative D-type cyclin and a putative cdk4/6 homolog have reinterpretations remain possible). CycE overexpression cently been identified in Drosophila (Finley et al., 1996;  after the terminal division has the same phenotypic conSauer et al., 1996). We do not yet know whether DAP sequences as lack of dap expression (extra S17 immediately after M16, reaccumulation of cyclins A and B, extra also interacts with these proteins. M17) (Knoblich et al., 1994) . Conversely, dap overexentry into an additional cycle that is then completed with the help of other perduring activities. These activities pression results in a G1 arrest as previously observed presumably do not perdure long enough to allow further in CycE mutants (Knoblich et al., 1994) . Moreover, the G1 cell proliferation after the extra cycle, as suggested by block resulting from dap overexpression is completely the fact that a lack of dap expression after the terminal rescued by simultaneous CycE overexpression.
division results in one extra cycle only. The UAS-dap expression directed by prd-GAL4
The presence of multiple, redundant pathways prereaches high levels already during late S, G2, and M sumably also explains the virtual absence of a phenophase of cycle 15. In the ventral epidermis, these DAP type in the eyes of adult dap mutant escapers, despite levels reached during cycle 15 are equivalent to the the high levels of expression that are clearly present in levels that are sufficient to block entry into S phase eye imaginal discs. The G1 phase preceding the up-16 in the dorsal epidermis. Nevertheless, in the ventral regulation of dap in the eye imaginal disc might provide epidermis, these high DAP levels do not inhibit complesufficient time to allow a decay of the perduring activities tion of cycle 15. This observation suggests that the below an effective concentration. Based on our observacyclin E/cdk2 requirement is higher for entry into S tions, we expect DAP to be of particular importance in phase than for completion of S phase and mitosis. The cells that have to arrest at a stage where significant results of experiments with vertebrate Kip inhibitors and cyclin E/cdk2 levels are still present. Moreover, the limXenopus extracts have argued that cyclin E/cdk2 activited production of extra cells in dap mutants might also ity is particularly important for initiation but not for elonbe compensated by apoptotic cell death at least in some gation of DNA replication in vitro (Strausfeld et al., 1994;  tissues, and extra proliferation might not have pheno- Jackson et al., 1995; Yan and Newport, 1995; Shou and typic consequences for this reason. Finally, the coexDunphy, 1996). pression of functionally redundant inhibitors might mask Cyclin E/cdk2 activity is not only important for the phenotypes in certain tissues. initiation of DNA replication but also for the accumulaSome of the possibilities discussed above might also tion of mitotic cyclins. CycE overexpression or lack of explain why extra proliferation has not been observed dap expression after the terminal division results in an in p21 Ϫ/Ϫ mice, although p21 is strongly up-regulated extra S phase that is parallelled by accumulation of in a number of embryonic tissues when cells become mitotic cyclins and followed by an additional cell divipostmitotic during development. In addition, the technision. Ectopic cyclin E expression after the terminal divical difficulties in following cell cycle progression in sion does not induce the transcription of the cyclin A mouse development might have precluded the detecand B genes, but stimulates either the translation of tion of a very limited overproliferation. The overproliferacyclin A and B mRNAs perduring in the postmitotic cells tion observed in p27 Ϫ/Ϫ mice (Fero et al., 1996 ; Kiyokawa or stabilizes the products translated from these perduret al., 1996; Nakayama et al., 1996) , however, might ing transcripts (Knoblich et al., 1994) . Conversely, cyclin reflect a similar functional involvement of p27 as de-A accumulation is no longer observed in cells arrested scribed here for DAP. in G1 by dap-overexpression. The high levels of DAP that We notice, however, an interesting difference beare reached during late cycle 15 and that are sufficient to tween vertebrate Kip and dap expression. Kip expresblock entry into S phase 16, however, have no effect on sion appears to be kept on even after terminal differenticyclin A levels during completion of cycle 15 (data not ation (Harper and Elledge, 1996) , while zygotic dap shown). It appears, therefore, that cyclin E/cdk2 activity expression occurs only transiently at high levels when is only required for the initiation but not for the maintecells exit from the mitotic cycle. This might reflect the nance of mitotic cyclin accumulation.
fact that postmitotic cells in Drosophila embryos are usually not postreplicative. Most of the postmitotic cells eventually progress through endoreduplication cycles Cell Proliferation Is Limited at later developmental stages (Smith and Orr-Weaver, by Redundant Mechanisms 1991). The requirement for cyclin E/cdk2 activity for enThe G1 arrest observed after the terminal division of the doreduplication S phases (Knoblich et al., 1994 ; Sauer epidermal cells is dependent on the inactivation of cyclin et al., 1995) could explain why dap expression cannot E/cdk2 activity. In addition to the up-regulation of DAP, be kept on permanently. In fact, permanent ectopic exdown-regulation of cyclin E transcription appears to pression of the DAP inhibitor blocks endoreduplication contribute to the timely inactivation of cyclin E/cdk2 (C. F. L., unpublished data). activity (Knoblich et al., 1994) . This cyclin E down-reguZygotic dap expression is an excellent marker for lation also occurs normally in dap mutants (data not withdrawal from the mitotic cell cycle. An analysis of shown). Moreover, in addition to cyclin E, other cell cycle the pathways that control dap up-regulation, therefore, regulators that have been analyzed (cyclins A, B, B3, should contribute to an understanding of the still largely cdc2, and string/cdc25 phosphatase) are also transcripmysterious developmental cues that bring about the tionally down-regulated, when the epidermal cells bearrest of cell proliferation at the correct developmental stage. come postmitotic (Edgar and O'Farrell, 1989; O'Farrell, 1990a, 1990b) . In contrast to CycE transcripts, Experimental Procedures low levels of cyclin E protein are just detectable in both wild-type and dap mutant epidermis after mitosis 16
Fly Stocks (M. E. L. and C. F. L, unpublished data) . We assume
The isolation of the enhancer trap line (B13-2nd-10) with a P-lacW that the activity of residual cyclin E/cdk2 complexes still insertion in the dap gene in the 46B region on the second chromosome has been described previously (Bier et al., 1989) . Precise and present in dap mutants after this final mitosis triggers imprecise excisions of this P-lacW insertion were isolated. Fortymutant DAP and histone H1 kinase assays. This second protocol gave very similar results (not shown) as those obtained with the first seven independent excisions were established. These w Ϫ derivatives could be assigned to three different classes: 7 were associated protocol ( Figure 2 ). For the analysis of DAP complexes in embryos, we first prepared with a 70%-90% reduction of homozygous progeny, as also observed with the original P-lacW insertion (dap 1 ), 9 were associated anti-DAP antibodies in rabbits with His-tagged DAP purified using Talon beads (Clontech) and preparative SDS-PAGE. After affinity with a more severe (95%-100%) reduction of homozygous progeny, and 31 were not associated with lethality. For a molecular characterpurification using His-tagged DAP immobilized on Sepharose, we used the anti-DAP antibodies as well as anti-cdk1 and anti-cdk2 ization of representative w Ϫ derivatives, we first determined the P-lacW insertion site by sequencing rescue plasmids obtained from antibodies for immunoprecipitation from 6-to 8-hour embryos. At this stage, dap expression is abundant throughout the epidermis dap 1 DNA (Pirrotta, 1986) . Different combinations of primers A, B, and C hybridizing to flanking sequences ( Figure 1A ) and primer P and the mesoderm. To control for the specificity of the immunoprecipitations, we used affinity-purified rabbit antibodies against the hybridizing to P element ends were used in standard PCR reactions using genomic DNA from flies homozygous for w Ϫ derivative chroDrosophila THR protein. In addition, we added the peptides used mosomes as template. dap 4 , a w Ϫ derivative associated with 95%-for immunization as competitors in control experiments with the 100% lethality, was found to represent an imprecise excision event anti-cdk1 and anti-cdk2 antibodies (Knoblich et al., 1994) . The presresulting in an intragenic deletion, while a precise excision was ence of cyclins A, B, and E, cdk1, cdk2, and DAP in the immunoprefound in a fully viable derivative ( Figure 1C) .
cipitates was analyzed by immunoblotting (Knoblich et al., 1994) . To eliminate potential background mutations, we back-crossed For quantification of the immunoblot signals, we resolved serial dap 1 to w for several generations before starting with the phenotypic dilutions of bacterial extracts containing known amounts of fusion analyses described here. All dap alleles were crossed over CyO, proteins on the same gels as the immunoprecipitates (not shown). P [wϩ, ftz-lacZ] for phenotypic analyses, since this allowed the idenComparison of signal intensities indicated that the immunoprecipitification of dap mutant progeny based on the absence of lacZ tated amounts of cdk1 and cdk2 were comparable ( Figure 2C , lanes expression.
4 and 6). Lines with UAS-dap and UAS-CycE transgenes were obtained with pUAST constructs (Brand and Perrimon, 1993) 
according to
In Situ Hybridization, BrdU Labeling, standard procedures. The line expressing GAL4 under the control of and Immunofluorescence the prd regulatory region has been described in Brand and Perrimon, RNA probes were made according to the instructions in the digoxi-1993.
genin-UTP RNA labeling kit (Boehringer Mannheim), and hybridization was performed as described previously (Tautz and Pfeifle, Isolation of the dap cDNA 1989), except that prehybridization, hybridization, and washes were Genomic fragments isolated by plasmid rescue from dap 1 DNA, done at 55ЊC. which detected transcripts in whole mount in situ hybridization exBrdU pulse labeling and immunolabeling was done as described periments, were used to screen a 9-12 hr embryo cDNA library. A previously (Knoblich et al., 1994) . The following antibodies were clone containing a 2 kb insert was selected for further analysis used: affinity-purified rabbit antibodies against cyclin A (Lehner and and subcloned as two separate EcoRI fragments into Bluescript SK O'Farrell, 1989) , rabbit antibodies against ␤-galactosidase (Cappel), (pSKdapN and pSKdapC). Both clones were sequenced on both mouse monoclonal antibody against ␤-tubulin (Amersham), a mouse strands. In addition, the region containing the single internal EcoRI monoclonal antibody against BrdU (Becton Dickinson), affinity-purisite was sequenced in the original gt11 phage clone to determine fied rabbit antibodies against DAP (see above), and a polyclonal the relative order of the two subcloned EcoRI fragments. pSKdapN rabbit antiserum against cyclin E (M. E. L. and C. F. L., unpublished was found to contain the 5Ј dap cDNA sequence up to the internal data). EcoRI site at position 1202, while pSKdapC contained the 3Ј dap To compare the cell density in dap 4 /dap 4 and wild-type epidermis, cDNA sequence starting from this internal EcoRI site.
we counted the number of nuclei in the first three abdominal segments of stage 14 embryos after DNA labeling. Stages and analyzed Biochemical Characterization of DAP aereas were carefully matched. The number of nuclei in the analyzed and Coimmunoprecipitation Experiments area was found to be 296 (Ϯ 15; n ϭ 4) in wild-type and 426 (Ϯ 18; For expression in E. coli, we prepared a pET21d (Novagen) construct n ϭ 4) in dap 4 /dap 4 . with the dap cDNA. Instead of the wild-type C-terminal DAP sequence RPRHN-Stop, RPHSIE(H) 6-Stop was encoded by this exAcknowledgments pression construct. For expression of the DAP ⌬LFG mutant, we replaced the sequences encoding amino acids 39-43 ( Figure 1B , black Correspondence should be addressed to C. F. L. We thank K. Zinn line) by a sequence encoding the two amino acids V and P with a PCR for the cDNA library, I. Hariharan and R. Finley for communicating strategy. The constructs were transformed into the BL21(DE3)pLysS results prior to publication, A. Brand for fly stocks, members of the host strain and induced by addition of 1 mM IPTG during exponential laboratory, R. Rupp and J. Knoblich for comments on the manugrowth at 37ЊC. script, and E. M. Illgen and E. Wolff for technical help. H. V. was For the purification of wild-type and mutant DAP, we first isolated supported by grants from the National Science Foundation and the inclusion bodies according to standard procedures. After solubilizaAlfred P. Sloan Foundation. tion, we affinity-purified the His-tagged proteins using Talon beads under denaturating conditions according to the instruction of the Received July 19, 1996; revised October 14, 1996. supplier (Clontech). Wild-type and mutant DAP were renatured by stepwise dialysis against 8, 6, 4, 2, 1, 0.5, and 0 M Urea in a modified RIPA buffer (0.5 M NaCl, 1% Nonidet NP-40, 0.5% sodium deoxyReferences cholate, 0.1% sodium dodecylsulfate, 50 mM Tris-HCl, pH 8.0). Purified proteins were stored at Ϫ70ЊC.
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